1. Introduction
===============

Cell adhesion includes cell--cell and cell--matrix junctions at which various cell adhesion molecules (CAMs) and their interacting proteins are identified and characterized. Cell--cell junctions are mainly classified into three categories: 1) symmetric junctions between identical cell types, such as epithelial cells and endothelial cells, 2) asymmetric junctions, which are usually observed at synapses that are formed between the axon of one neuron and the dendrite of another neuron, and 3) heterotypic intercellular junctions, which include those between differentiating germ cells and their supporter Sertoli cells in the testis and between specialized sensory cells and supporting cells in the sensory epithelia. These kinds of cell--cell junctions play essential roles in the formation and maintenance of tissues and organs in multicellular organisms. Cell--cell junctions comprise several specialized junctional apparatuses including adherens junctions (AJs), tight junctions (TJs), desmosomes, and gap junctions. AJs serve as a mechanically adhesive apparatus between neighboring cells. TJs are localized at the most apical side of cell--cell junctions in epithelial cells. Two major functions of TJs are to act as a barrier, preventing the passage of soluble molecules through the gaps between cells, and as a fence, keeping the cell surface proteins and lipids in the basolateral region separate from those in the apical region.^[@r01],[@r02])^ Similar to AJs, desmosomes physically connect neighboring cells and are also necessary for the stability of AJs.^[@r03])^ Gap junctions contain channels between two cells through which the direct intercellular transmission of molecules is enabled.^[@r04])^ At cell--matrix junctions, there are also some specialized apparatuses: focal complexes and focal adhesions. Focal complexes are small (\<0.5 µm diameter) immature cell--matrix junctions that are observed at the peripheral region of the leading edge of moving cells, and focal adhesions are formed just at the rear side of focal complexes to firmly anchor cells to extracellular matrix. The dynamic regulation of formation and disruption of focal complexes and focal adhesions is crucial for effective cell movement.

We have indentified a new cell adhesion system consisting of nectins and afadin at AJs.^[@r05])^ Nectins are immunoglobulin-like CAMs and the nectin family comprises four members (nectin-1 through nectin-4), while a single *afadin* gene was identified to date (Fig. [1](#fig01){ref-type="fig"} ). Afadin binds to nectins at their C-terminal region and connects them to the actin cytoskeleton. Nectins and afadin play roles in the formation of various cell--cell junctions cooperatively with or independently of cadherins, major CAMs at AJs. In addition to the role of cell--cell junction formation, nectins regulate multiple cellular functions, such as cell polarity, movement, proliferation, differentiation, and survival, in cooperation with integrins, growth factor receptors, and nectin-like molecules (Necls). Necls resemble nectins in their molecular structure, but do not bind to afadin (Fig. [1](#fig01){ref-type="fig"}). The Necl family comprises five members (Necl-1 through Necl-5). Our recent studies on nectins and Necls could contribute to the understanding of pathology of many diseases. In this review article, physiological and pathological roles of cell adhesions are described by focusing on new CAMs nectins and Necls. General properties and functions of nectins and Necls have been described in our previous reviews in detail.^[@r06]--[@r12])^

2. Properties of CAMS at AJs
============================

i. Cadherins and catenins.
--------------------------

Cadherins have been known as the main components of AJs.^[@r13])^ The extracellular domain of cadherins on the surface of one cell binds to that on the surface of another cell in a Ca^2+^-dependent manner (this engagement is called "homophilic interactions in *trans*"), leading to the formation of apposing cell adhesion. On the other hand, the intracellular domain of cadherins binds to β-catenin, which in turn binds to an F-actin-binding protein α-catenin. AJs are formed by the assembly of multiple interactions of cadherins in *trans* and the intracellular linkage of the cadherin--catenin system to the actin cytoskeleton.

ii. Nectins and afadin.
-----------------------

Nectins and afadin have been identified in our laboratory and their roles in cell adhesion have been vigorously investigated.^[@r06]--[@r12])^ It is clear that nectins firstly form rather weak cell adhesion and then recruit cadherins to the nectin-mediated cell--cell contacts to establish AJs. Similar to cadherins, nectins interact in *trans* with each other through their extracellular domains to make contacts between the opposing membranes of the cells. Nectin engagement is Ca^2+^-independent, whereas cadherin engagement is Ca^2+^-dependent as described above. The intracellular domain of nectins binds to an F-actin-binding protein afadin, linking nectins to the actin cytoskeleton. Besides nectins, afadin can directly bind to α-catenin and other related proteins. Thus, the afadin-mediated assembly of multiple components, including the cadherin-β-catenin complex, at the nectin-initiated cell--cell contact sites contributes to the establishment of AJs.

3. Molecular mechanisms of the formation of cell--cell junctions
================================================================

When growth factors or neurotransmitters bind to their cognate receptors, the receptors change their conformation and the intracellular signaling molecules are activated, eventually leading to the induction of various cellular functions. Similarly, the *trans*-interaction of nectins induces the activation of the intracellular signaling (Fig. [2](#fig02){ref-type="fig"} ). c-Src is first activated after the *trans*-interaction of nectins.^[@r14])^ Activated c-Src then activates Rap1, Cdc42, and Rac small G proteins. Rap1 activated in this way subsequently binds to afadin, and Cdc42 and Rac also binds to their downstream effectors such as IQGAP1, IRSp53/WAVE, NWASP, and WASP. Since these binding proteins are all capable of interacting with F-actin, nectins can regulate reorganization of the actin cytoskeleton at the nectin-based cell--cell adhesion sites through these proteins. α-Catenin also binds to the reorganized actin cytoskeleton and then recruits the cadherin-β-catenin complex. Therefore, both the direct interaction of afadin with α-catenin (details are described in the above section) and the reorganization of the actin cytoskeleton cooperatively contribute to the recruitment of the cadherin--catenin complex to the nectin-based cell--cell adhesion sites, eventually resulting in the establishment of AJs.

Integrins play a major role in the formation of cell--matrix junctions. Our recent study reveals that integrin αvβ3 physically interacts in *cis* with nectins and is necessary for the nectin-induced intracellular signaling (Fig. [2](#fig02){ref-type="fig"}). Activated integrin αvβ3, which shows high-affinity for its substrate vitronectin, sequentially activates protein kinase C and focal adhesion kinase.^[@r15])^ Since the activation of these kinases results in the activation of c-Src, this c-Src activation downstream of the *trans*-interaction of nectins as described above is actually induced by cooperative roles of nectins and integrin αvβ3. Based on these results, integrin αvβ3 is involved in the formation of cell--cell junctions as well as cell--matrix junctions.

In epithelial cells, TJs are always formed at the apical side of AJs due to cell polarization along the apical-basal axis on the interface between two cells. Nectin-induced intracellular signaling, the reorganized actin cytoskeleton, and afadin are also important for the formation of TJs as well as AJs (Fig. [2](#fig02){ref-type="fig"}). After or during the formation of AJs, nectin recruits first immunoglobulin-like CAMs junctional adhesion molecules (JAMs) and then other CAMs claudins and occludin to the apical side of AJs in cooperation with afadin, leading to the formation of TJs.^[@r05])^ ZO proteins, which are F-actin-binding proteins, interact with the cytoplasmic region of TJ constituents JAMs, occludin, and claudins. These CAMs are linked to the actin cytoskeleton through ZO proteins. Prior to the formation of TJs, ZO-1, a member of ZO proteins, transiently interacts with afadin. This interaction is additionally necessary for the localization of JAM and claudin at the apical side of AJs to form TJs. However, the entire molecular mechanisms of the recruitment of the TJ constituents at the apical side of AJs remains largely unclear.

4. Nectin-dependent and cadherin-independent cell adhesion
==========================================================

Although cadherins are involved in many types of cell--cell adhesion in the multicellular organisms, it is indicated that there exist cell adhesions that are not mediated by cadherins, but solely by nectins. For instance, heterotypic interactions between nectin-2 and nectin-3 play important roles during spermatogenesis (Fig. [3](#fig03){ref-type="fig"}A ).^[@r16])^ To the full development of germ cells, progenitor cells form weak and easily removable contacts with Sertoli cells during differentiation from spermatogonia to sperm cells in the testes. The asymmetric distribution of nectin-2 in Sertoli cells and nectin-3 in germ cells confers an advantage on selective adhesion between these cells. Moreover, nectins, but not cadherins, play roles in cell adhesion between the extending axons and dendrites of the floor plate cells in the spinal cord (Fig. [3](#fig03){ref-type="fig"}B).^[@r17])^ When the commissural axons make cell contacts with the dendrites of the floor plate cells, they extend across the central canal to make shift either to the rostral side or to the caudal side. The asymmetric distribution of nectin-3 in extending axons and nectin-1 in dendrites of the floor plate cells confers a selective binding advantage for these cells. Thus, heterotypic interactions of nectins are supposed to be useful for transient cell contacts implicated in exchanging intercellular signals or for cell contacts subsequently followed by gross morphological changes that depend on actin dynamics.

5. Neuronal synapses
====================

Neuronal cells generate one axon and numerous dendrites. An axon makes contact with dendrites to form synapses. Synapses are necessary for memory formation and preservation. Furthermore, neuronal activation induces the synaptic remodeling, which participates in long-term cortical plasticity. Synapse formation has previously been explained by the functions of cadherins. However, our studies have made it clear that nectins mediate the initial step of contacts between axons and dendrites and then recruit cadherins to form mature synaptic junctions. On the other hand, it has been unanswered why an axon makes contacts with dendrites, but not with other axons, and why an dendrite makes contacts with axons, but not with other dendrites. In collaboration with Dr. Takeichi's group, we found that the asymmetric localization of nectin-1 at the terminus of an axon and nectin-3 at dendrites plays major roles in defining selective interactions between an axon and dendrites (Fig. [3](#fig03){ref-type="fig"}C).^[@r18])^ Moreover, the nectin--afadin complex takes part in the assembly of molecules, such as Bassoon, Piccolo, CAST, and RIM1, at the active zone of the pre-synapse and in the assembly of molecules, such as PSD-95 and S-SCAM, at the post-synaptic density. Afadin is also known to play roles in synaptic remodeling and the formation in the mouse hippocampus.^[@r19])^

6. Cell movement
================

i. Enhancement of cell movement.
--------------------------------

When fibroblasts and endothelial cells move towards higher concentrations of platelet-derived growth factor (PDGF) and vascular endothelial growth factor, respectively, they need to dynamically form protrusions such as lamellipodia and filopodia at the leading edge and peripheral ruffles over the lamellipodia.^[@r20],[@r21])^ In fibroblasts, the PDGF-induced activation of PDGF receptor and its downstream signaling as well as the vitronectin-mediated activation of integrin αvβ3 and its downstream signaling are important for the formation of these leading edge structures.^[@r22])^ In particular, Rho, Rac, and Cdc42 small G proteins downstream of PDGF receptor and integrin αvβ3 play crucial roles in the formation of these leading edge structures. However, we demonstrated that the actions of PDGF receptor and integrin αvβ3 are insufficient for the full activation of these signaling molecules, and that Necl-5 is additionally required for this full activation by forming a complex with PDGF receptor and integrin αvβ3.^[@r23],[@r24])^ The Necl-5--PDGF receptor--integrin αvβ3 complex fully activates intracellular signaling molecules, including Rac, upon PDGF stimulation. The activation of Rac induces the formation of lamellipodia and filopodia at the leading edge, and the reorganization of the actin cytoskeleton, which in turn promotes the accumulation of PDGF receptor, integrin αvβ3, and Necl-5 at the leading edge. As a result of the positive feedback mechanism, the formation of the leading edge occurs rapidly, resulting in the enhancement of cell movement in the direction of higher concentration of PDGF.

ii. Dynamics during cell movement.
----------------------------------

Leading edge structures are dynamically assembled and disassembled during cell movement. When PDGF binds to PDGF receptor, Rap1 is activated by a mechanism dependent on Necl-5 and integrin αvβ3.^[@r25])^ Activated Rap1 induces the activation of Rac and the inactivation of RhoA (Fig. [4](#fig04){ref-type="fig"}A ).^[@r25],[@r26])^ The activation of Rap1 is dynamically regulated by afadin that does not interact with nectins and by a Rap GAP, SPA-1. The inactivation of RhoA is dynamically regulated by a Rap-dependent Rho GAP, ARAP1. The cyclical activation and inactivation of these small G proteins essentially regulate the formation of leading edge structures.

iii. Directionality of cell movement.
-------------------------------------

Cells move in the direction of higher concentrations of growth factors and chemokines. However, mechanisms that regulate the directionality of cell movement are poorly understood. We revealed that afadin, which localizes at the leading edge, does not interact with nectins and plays an important role in the determination of the directionality.^[@r27])^ Afadin facilitates the stabilization of the formation of leading edge structures in association with the activation of small G proteins, such as Rap1 and Rac. Although leading edge structures are formed in the direction of higher concentration of chemoattractants, the initial formation of the leading edge occurs incidentally. When a receptor at the initial leading edge is consecutively stimulated by a chemoattractant, the accumulation of receptors at the leading edge is induced by the activation of Rac and the reorganization of the actin cytoskeleton in a positive feedback manner, as described above. Since afadin regulates this activation of Rac and the reorganization of the actin cytoskeleton, it plays an indispensable role in the accumulation of the receptor at the leading edge.

7. Contact inhibition of cell movement and proliferation
========================================================

Normal cells proliferate while individually moving. Cell movement and proliferation stop when the cell comes in contact with each other. This phenomenon is referred to as contact inhibition of cell movement and proliferation, which has been known for more than 50 years,^[@r28],[@r29])^ and is extremely important for the tissue and organ generation during the development and for the wound healing process. Contact inhibition disappears when the cells are transformed, leading to the abnormal proliferation and the acquisition of invasive and metastatic potentials in transformed cells.^[@r30],[@r31])^ We reported the novel mechanism that regulates contact inhibition of cell movement and proliferation,^[@r32])^ although many possible mechanisms of contact inhibition have been proposed so far. When cells do not make contacts with and are free from other cells, these cells move and proliferate. In these cells, Necl-5 forms the ternary complex with PDGF receptor and integrin αvβ3 at the leading edge and increases cell movement by the mechanism as described in the above section and cell proliferation by enhancing the activation of the signaling pathway that includes Ras, Raf, MEK, and ERK (Fig. [4](#fig04){ref-type="fig"}A).^[@r33])^ When the moving and proliferating cells contact with each other, Necl-5 that locates at the leading edge first interacts with nectin-3 (Fig. [4](#fig04){ref-type="fig"}B). This interaction triggers the internalization of Necl-5 from the cell surface by the clathrin-dependent endocytosis (Fig. [4](#fig04){ref-type="fig"}C). Then, PDGF receptor and integrin αvβ3 are released from Necl-5 and interact with nectins. Nectins form cell--cell adhesion by the mechanism as mentioned above, which results in the termination of cell movement and proliferation (Fig. [4](#fig04){ref-type="fig"}D). Moreover, after cell--cell adhesion is formed, nectins inactivate integrin αvβ3, which also contributes to the inhibition of cell movement to maintain cell--cell adhesion.^[@r34])^ In addition, Necl-5 stops cell proliferation by regulating Sprouty2, a negative regulator for the Ras-mediated signaling.^[@r35])^ The down-regulation of Necl-5 causes the tyrosine phosphorylation of Sprouty2 by c-Src, which is activated by PDGF receptor in response to PDGF, and inhibits the PDGF-induced Ras signaling.

8. Implications of nectins and Necls for pathology of diseases
==============================================================

Since Necl-5 and integrin αvβ3 are overexpressed in cancer cells, the down-regulation of Necl-5 is perturbed in cancer cells even after making contacts with each other, which cancels contact inhibition of cell movement and proliferation and causes the abnormal proliferation, invasion, and metastasis. Necl-2 was identified as a tumor suppressor and its expression disappears in cancer cells. We have recently elucidated the mechanism of Necl-2 in tumor suppression.^[@r36])^ ErbB2 and ErbB3, epidermal growth factor receptor family members, form a heterodimer. When the ligand binds to this heterodimer, Rac and Akt are activated, followed by the increase in cell movement and the suppression of cell death, respectively. Necl-2, which is expressed in normal epithelial cells, interacts in *cis* with ErbB3 through their extracellular regions, and binds to a tyrosine-phosphatase PTPN13 through its intracellular region. In normal epithelial cells, PTPN13 recruited to Necl-2 dephosphorylates the ErbB2-mediated phosphorylation of ErbB3, impairing the activation of Rac and Akt. On the other hand, in cancer cells, these signalings are activated due to the disappearance of Necl-2, resulting in the promotion of invasion and metastasis.

Nectins and Necl-5 are also entry receptors for herpes virus and poliovirus, respectively, and are involved in the invasion of these viruses into host cells. In addition, mutations in human nectin-1 are also responsible for cleft lip/palate-ectodermal dysplasia, which includes Zlotogora-Ogur syndrome and Margarita Island ectodermal dysplasia and is an autosomal recessive disorder, clinically characterized by unusual faces, dental anomalies, hypotrichosis, palmoplantar hyperkeratosis and onychodysplasia, syndactyly, cleft lip/palate, and in some cases, mental retardation.^[@r37])^

9. Concluding remarks
=====================

A series of our studies have clearly established that nectins and cadherins play key roles in the cell--cell adhesion. Nectins regulate a variety of important cellular functions in addition to the cell--cell adhesion in cooperation with a lot of other molecules such as afadin, Necls, integrins, and cell surface receptors. Some properties of the adhesive function are different between nectins and cadherins. Nectins, but not cadherins, initiate cell--cell adhesion between two opposing cells, because the *trans*-interaction of nectins occurs earlier than that of cadherins. Another distinct feature is that cadherins only *trans*-interact homophilically with each other. Namely, E-cadherin expressed in epithelial cells interacts with E-cadherin, but not N-cadherin expressed in fibroblasts and neurons. In contrast, nectins homophilically and heterophilically *trans*-interact with each other. This difference is important for the physiologic function of these two CAMs. Cadherins play an important role in the tissue generation composed of homologous cells in which homophilic cell--cell junctions are formed. However, since various kinds of cells exist in most tissues and organs, cell--cell junctions are formed between heterogenic cells. Nectins, which are able to homophilically and heterophilically *trans*-interact with each other, play a critical role in the formation of these heterotypic intercellular junctions. We mainly depict the functions of nectins, Necls, and afadin in terms of cell adhesion, movement, proliferation, and synapse formation. In addition to such cellular functions, these molecules are also involved in the regulation of cell polarization, survival, and differentiation.^[@r38]--[@r40])^ Based on the diverse properties of nectins, Necls, and afadin, these molecules are likely to be more important than cadherins and catenins for such physiological and pathological processes. This is one of the research topics in the field of cell adhesion and thus should be vigorously clarified in the future.
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![Molecular structures of nectins, Necls and afadin. Nectins and Necls contain three immunoglobulin-like loops in their extracellular region, a single transmembrane segment and a cytoplasmic tail. The nectin family members possess a consensus motif of C-terminal four amino acids for interaction with afadin, which in turn interacts with F-actin to connect nectins to F-actin. Direct binding between nectins and afadin is conducted through the C-terminal motif of nectins and the PDZ domain of afadin. Necls are structurally similar to nectins, but do not directly bind to afadin. DIL, dilute domain; FHA, forkhead-associated domain; PDZ, PDZ domain; RA, Ras-association domain; PR, proline-rich domain.](pjab-86-621-g001){#fig01}

![Nectin-induced formation of AJs and TJs. *Trans*-interacting nectin at the initial cell--cell adhesion induces the activation of Rap1, Cdc42, and Rac mediated by c-Src, Crk, C3G, FRG, and Vav2. This nectin-induced signaling is dependent on integrin αvβ3, which physically associates with nectin, and its downstream signaling molecules protein kinase C and focal adhesion kinase. Activated Cdc42 and Rac reorganize the actin cytoskeleton and recruit the cadherin--catenin system to the nectin-based cell--cell adhesion sites. At this phase, cadherin has only weak adhesion activity. However, afadin interacting with activated Rap1 also associates with p120^ctn^, leading to increased adhesion activity of cadherin and the establishment of cadherin-based AJs. After the formation of AJs, both the nectin--afadin and cadherin--catenin systems cooperatively play an essential role in the formation of TJs as well as AJs. The reorganized actin cytoskeleton and actin binding proteins including annexin II and IQGAP1 are also involved in the formation of TJs.](pjab-86-621-g002){#fig02}

![Nectin-dependent and cadherin-independent cell adhesion. (A) Sertoli cell--spermatid junctions in the testis. (B) Contacts between the commissural axons and the floor plate cells in the neural tube. (C) Synapses between the mossy fiber terminals and dendrites of pyramidal cells in the CA3 region of the hippocampus. Question marks in the figures indicate that the existence of afadin and/or the interaction of nectins with afadin are not definitely confirmed.](pjab-86-621-g003){#fig03}

![Regulation of cell movement and proliferation by nectins and Necl-5. (A) Necl-5, integrin αvβ3 and PDGF receptor form a complex at the leading edge of a moving cell and enhance cell movement by inducing c-Src and Rap1 activation, which leads to the activation of Rac together with the inhibition of RhoA. The ternary complex also enhances cell proliferation by inducing the activation of the Ras-mediated signalling pathway through inhibiting Necl-5-associated sprouty2 (Spry2). At this stage, nectins and cadherins are sparsely distributed on the cell surface. (B) The initial cell--cell contact is formed by the *trans*-interaction of nectin-3 with Necl-5. At this stage, the reorganization of the actin cytoskeleton starts with the activation of Cdc42 and Rac. (C) The *trans*-interaction of nectin-3 with Necl-5 is transient, and Necl-5 is subsequently downregulated from the cell surface by endocytosis. Next, *trans*-interaction of nectins occurs. (D) Cadherins are recruited to nectin-based cell--cell adhesion sites and homophilically interact in *trans* to form adherens junctions (AJs). At this stage, integrin αvβ3 becomes inactive by the action of *trans*-interacting nectins. Due to the downregulation of Necl-5 from the cell surface, Spry2 is released from Necl-5 and is tyrosine-phosphorylated by c-Src and becomes active to inhibit the Ras-mediated cell proliferation signals. The intracellular signalling mediated by integrin αvβ3 and PDGF receptor is then suppressed, resulting in the inhibition of cell movement and proliferation (contact inhibition).](pjab-86-621-g004){#fig04}
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